Keywords-FW-MAV; indirect adaptive; uncertainty; Introduction Insect-like flapping-wing MAV is the evolution of several technique disciplines referring to material, mechanical, control and so on. When the wing-span is less than 15cm, the flapping-wing flight comparing with the fixed-wing one performs significant advantage on efficiency and mobility [1] . Ascribed to the characteristic of high efficiency and maneuverability, the flapping-wing MAV mainly has several widely potential applications which include rescue, surveillance, reconnaissance, target tracking, and so on. From a biological perspective, insects or birds with high maneuverability mainly depend on two factors: 1) quasi-steady or unsteady aerodynamic mechanisms can adjust and control the unsteady force or torque; 2) excellent bio-sensors and neural control systems.
Introduction
Insect-like flapping-wing MAV is the evolution of several technique disciplines referring to material, mechanical, control and so on. When the wing-span is less than 15cm, the flapping-wing flight comparing with the fixed-wing one performs significant advantage on efficiency and mobility [1] . Ascribed to the characteristic of high efficiency and maneuverability, the flapping-wing MAV mainly has several widely potential applications which include rescue, surveillance, reconnaissance, target tracking, and so on. From a biological perspective, insects or birds with high maneuverability mainly depend on two factors: 1) quasi-steady or unsteady aerodynamic mechanisms can adjust and control the unsteady force or torque; 2) excellent bio-sensors and neural control systems.
The aerodynamics research of flapping-wing has been last for several decades. For modelling of flapping-wing, it is reasonable that the simulation of insect-like MAV flight could be obtained by solving Navier-Stokes equations. But, that is not appropriately suitable to control application of the vehicle. And then, the research emphases have been turned to conceive experiments to get the test results of unsteady or quasi-steady aerodynamic model which is more suitable to control. Osborne [2] has proposed the finite element method to calculate the unsteady or quasi-steady aerodynamic forces acting on the wings' surface. In 1980's, Ellington and Dickinson [3] [4] have accomplished some experimental analysis of insects-like MAV in the flight process: 1) Building a simulation with imitating a high viscous and low Renault number environment in a closed tank, a mechanical wing model is installed in that environment. The model could flutter and twist in the tank. And thus, the coefficient of lift, drag and net normal force could be measured. 2) Using a low turbulence wind tunnel with implementation of a PIV facility, the wing surface flow could be observed with loading the smoke equipment on the position of the wing's root. The process could record the production and separation of leading edge vortex flow by means of a high-speed photography camera. Through these experiments, unsteady or quasi-steady force could be characterized as follows: combined flutter-twisting, delayed stall, rotational circulation, wake capture and others.
Need to be pointed out is that the experimental conclusions which are induced by the quasi steady aerodynamic mechanism do not fully explain the process of insect-like flapping-wing MAV flight. Though several low Reynolds number similarity medium experiments, the literature [5] has studied the flutter aerodynamics verified by a quasi-steady model. A model and unsteady mechanical mechanism have been concluded by several analyzes and experiments based on fluttering wings in the literature [6] the experience in the use of the literature [7] has developed a functional approximation strategy for describing the quasisteady aerodynamic model.
Control of insect-like flapping-wing MAV is an extreme challenge. The wings of FMAV provide lift, thrust force and torque with twisting and fluttering in a vibration of high frequency. Due to the coupling between surrounding air and flapping-wing in fluttering and twisting process, the coupling feature of system parameters is enforced. The purpose of this paper is to design an actual insect-like flapping-wing MAV with an adaptive controller. As the quasi-steady aerodynamic force drastically changes in flapping process of change, the precise model cannot be adapted online. Therefore, this paper utilizes radial basis function to approximate the aerodynamic uncertainty, which fits the parameters of regulator, and avoid the uncontrollable output of vehicle.
I.
THE DESIGN AND MODELLING OF VEHICLE
Insect-like FW-MAV system is generally composed of a machine body and two wings. The wings are operated directly by the driving mechanism. It is shown in this paper by Figure1. 
B. The body and the driving mechanism
The material FW-MAV is shown as Figure 2 . That utilizes the approach "reinforced carbon fiber, cork kernel, pre-softening" to manufacture the fuselage of vehicle. Manufacturing process is as follows:
The cutting machine is used to fit flexible cork to an oval column structure
The carbon fiber is pick-up, and then coated on the surface of the cork.
The material above is put in the oven to reinforce itself. The processed material
The transmission mechanism in this paper adopts 4 connecting rods in cascade form with two flexible hinges. In the deflection process of flexible hinge, it is necessary to keep the balance of swing angle, meanwhile, to ensure the same direction, as shown in Figure 2 .
C. The design of wing airfoil
The factors which could influence quasi-steady aerodynamic force acting on wings include the angle of attack, flapping frequency and wing airfoil. By measuring the quasi-steady forces on the wing surface, we can find the optimized airfoil by means of taking parallel analysis to evaluate the efficiency of aspect ratio, angle of attack and flapping frequency.
The following is used to test three kinds of flapping wing. The parameters are shown in Table 1 The experiment includes two parts as following, the experimental results as shown in Figure 3 Aerodynamic force acting on the X-wing is mainly derived from the ring density of compression wing vortex when existing a washing. It is reasonable that the vehicle obtains a larger lift force and changes the flying speed by regulating the angle of attack can make.
With increasing the fluttering frequency, the X-wing can improve the thrust force which is influenced by rapid fluttering result to a greater degree of flexibility deformation. At last, the change of frequency makes the flow field around the vortex density of down washing greater.
In order to satisfy with the structural strength requirement and enough lift force coefficient, reducing the sharp ratio and aspect ratio can significantly improve the thrust force of flapping-wings. However, a sharpen wing will brought uncertainty to the span flow. That result to faster separation of wing vortex, which could enforce the lift force. is not conducive to the flapping wing flight speed regulation. Therefore, we should select an appropriate fluttering frequency to obtain maximum propulsive efficiency according to the different flight speed and amplitude of wing size.
The following is the procedure of material selection and manufacture of wings. Insect-like flapping -wing MAV's wing must vanquish some problems inserted in the process. In that case, the task is to avoid the influence on efficiency of lift force, and as far as possible to reduce the weight of the wings. We take some improvement as following:
Selecting the APTIV film as the wings and high stiffness of carbon fiber.
The connection between supporting structure and wings is realized by bonding. Eventually, the selective wing is shown as figure 7. Insect-like FW-MAV system refers to multiple research respects. Firstly, the aerodynamic force should be calculated to formulate the model of vehicle system, and then, some mathematical approaches are applied to describe vehicle movement.
A. The quasi -steady aerodynamic force calculation
The flapping wing of system uses a two-dimensional elastic plate structure. The aerodynamic force acting on the wing is attributed to four main reasons: The Translational Energy, Rotational Energy, Delayed Stall, Additional air Viscous Effect. Given the quasi-steady force of unit area and moment [8] : 
B. Dynamic model of vehicle
The insects-like flapping-wing MAV can be regarded as a rigid-body aircraft. The dynamics can be described by Newton-Euler equation [8] . The dynamic model of flapping wing aircraft is given below: u,v,w is the vehicle speed. p,q,r is attitude angular speed.
C. Indirctive adaptive control algorithm
As known above, the quasi-steady force is complex. Even then, the expression (1), (2), (3) cannot fully describe the manifestations of forces and torques. The problem could be summarized as typically uncertainty compensation of a non-linear system.
In this section, an indirect adaptive controller is designed. The parameters of regulator for indirect adaptive controller are calculated. Meanwhile, the radial basis functions are approximated to compensate the system uncertainties, so as to achieve the purpose of system stability.
Firstly, we introduce the definition of input error dynamic equation: e= (t,x)+ (t,x)( (t,x)+ (x)u) e= ( ,x) = (t,x)+ ,x The objective for designing a controller is lim 0 e t . From the idea of constructing Lyapunov function, the controller design is divided into the nominal and uncertainty, two parts. Introducing Lyapunov stability theory to find the bounds of uncertainties, finally, the process finds the uncertainty of parameter values so as to design the indirect adaptive controller.
Getting a definition of 
Get to: (8) Firstly ignoring the input uncertainty, the Lyapunov function is defined for the nominal system: 
. (10) Meanwhile, a parameters regulation is defined:
Where,
So far, the structure of adaptive controller and parameters regulator has been induced completely. Next, it is need to calculate the parameters of controller and regulator.
First of all, it is necessary to calculate 0 . The process requires 4 steps. At first step, the differential of a V is defined:
At second step, the third component of style (12) is regard as
We can see that
. At third step, the forth component of style (14) is regard as
At fourth step, substituting the type(11)(15) into (13), it is appropriate that Further, According to the definition of the parameters of the controller, it could be obtained that 4I . This section deals with the system uncertainty. In this paper, it is advisable to use normal radial basis function to approximate the uncertainty ( , ) :
Here, Here, the design steps of parameters regulator, indirect adaptive controller can be summarized as follows:
a) The mathematical model of the controlled object is transformed into a standard form. The measured longitudinal position in Z direction.
As shown in Figure 6 , 7, the vehicle can converge rapidly in the limited time. According to the calculation, the system output error of up to 0.4%, the result meets with the requirement of control.
The measured data for the pitch angle of vehicle is shown in figure 8 . Semi-physical testing should be illustrated for the the feasibility of the proposed control scheme. As shown in figure 9 . The vehcile system could be regulated and located on the Free platform . The measured testing of Semiphysical system.
IV. CONCLUSION
In this paper, the design focus on engineering application of insect-like flapping-wing MAV by employing the method of combination of experiment and theory to find the optimization results of the wing airfoil. In order to reduce the quality of the body with satisfying high frequency vibration environment, this paper adapts enhance materials. Based on the Lyapunov theory, this paper designs a indirect adaptive controller and parameter regulator to stabilize the vehicle in hover flight. This study laid the foundation for the realization of micro insect like flapping wing aircraft flight.
